We propose a scalable ion trap architecture for universal quantum computation, which is composed of an array of ion traps with one ion confined in each trap. The neighboring traps are designed capable of merging into one single trap. The universal two-qubit √ S WAP gate is realized by direct collision of two neighboring ions in the merged trap, which induces an effective spin-spin interaction between two ions. We find that the collision-induced spin-spin interaction decreases with the third power of two ions' trapping distance. Even with a 200 µm trapping distance between atomic ions in Paul traps, it is still possible to realize a two-qubit gate operation with speed in 0.1 kHz regime. The speed can be further increased up into 0.1 MHz regime using electrons with 10 mm trapping distance in Penning traps.
The hyperfine electronic levels of an ion usually have very long coherence time [1] [2] [3] , which makes the ion trap architecture a very promising platform for universal quantum computation [4, 5] . By applying laser beams with proper frequencies to each ion, one can initialize qubit state [2, 6] , operate single-qubit gate [2] and readout qubit state [2, 7] with high efficiency. The challenge comes from coupling two ionic qubits and realizing fast universal two-qubit gates [8, 9] . The conventional solutions include mediating the interaction between two ionic qubits by phonons [10] [11] [12] or phtotons [13, 14] . However, it is still an outstanding challenge to scale the trapped ions to enough numbers to outperform the classical processors [15] [16] [17] [18] , and scale the ability to individually address the qubits in the chain of ions [19, 20] . In this letter, we proposed a new ion trap architecture for universal quantum computation with advantages of both scaling large number of ions and addressing individual ions. Different from mediating interaction via a common bus, we couple the two ionic qubits via direct collision of two ions in the trap.
In Fig. 1a , we sketch the envisioned architecture of ion traps for universal quantum computation. The unit component of our architecture is the linear ion trap (Paul trap) with length L, which is basically composed of quadrupole electrode (long rods with light color) plugged at two ends with short segmented electrodes (rods with dark color) [21, 22] , which we call the link electrodes here for convenience. A radio frequency (rf) potential is applied between diagonally opposite rods in the quadrupole electrode giving rise to (harmonic) ponderomotive potentials in the transverse x and y directions with confinement frequencies ω x and ω y respectively [22] . By applying additional electric potentials to the link electrodes beside the quadrupole electrode, a confinement potential with characteristic frequency ω z in the longitudinal z direction is provided. Usually, the transverse confinement is symmetric (ω x = ω y ≡ ω x,y ) and much stronger than the longitudinal confinement, i.e., ω x,y ≫ ω z . In this work, we define the confinement parameter ω ⊥ ≡ ω x,y /ω z to describe the level of transverse confinement. In our architecture, each trap confines only one ion, which is convenient for individual-qubit addressing. The ions are cooled on the bottoms of traps by Doppler laser cooling technique [23] . Two stable hyperfine levels of ions, e.g., the ground-state 2 S 1/2 |F = 0, m F = 0 and 2 S 1/2 |F = 1, m F = 0 of ion 171 Yb + with hyperfine level splitting E 0 / ≈ 2π×12.64 GHz, are utilized to serve as the qubit states characterized by an effective spin-up state |↑ and spin-down state |↓ corresponding to bit values 1 and 0 respectively [24] . In principle, the linear Paul traps for atomic ions in our architecture can be replaced by (openendcap) Penning traps for electrons [25, 26] , where the transverse confinement is applied by a strong homogeneous magnetic field along the longitudinal direction and the qubit states are the real spins of electrons.
In Fig. 1b , we sketch the basic three processes to couple the two ions and entangle their spins by direct collisions. In the left figure, two ions are confined on the bottoms of two neighboring traps by applying static electric potentials on the three link electrodes. The internal qubit states of two ions are initialized to a product state with one spin down and the other spin up, i.e., |↓↑ . In the middle figure, we merge the two neighboring traps into one single large linear trap by synchronizing the potential on the middle link electrode with the rf potentials on the quadrupole electrodes beside. Since the two ions are no longer on the bottom of the merged trap, they start to oscillate in the trap and collide with each other. The key mechanism used our proposal is that the collision induces an effective spin-spin interaction between two ions [27] , which we call collision spin effect. As a result, the spins of two ions start to rotate and entangle with each other during the collision. In the right figure, we split the single ion trap into two traps by tuning the potential on the middle link electrode back to the initial condi- (|↑↓ +i |↓↑ ), and realize the universal two-qubit gate √ S WAP gate. More complicated gate operations for quantum computation can be operated by merging and splitting neighboring traps sequentially in the architecture.
As discussed above, the key process is the collision of two ions in the trap. We shall discuss in detail the twoion dynamics during collision. In the semi-classical limit and neglecting the Coulomb interaction between ions, the dynamics of two ions in the merged single ion trap are described by two oscillating coherent states. In the coordinate representation, the wave functions of two coherent states are given by
Here, x(t) ≡ is the common normalization factor of two coherent states with z 0 ≡ /mω z the characteristic length of coherent state and m the mass of single ion. We see that the two oscillating coherent states can be viewed as plane waves with instantaneous wave vectors ±p(t)/ and Gaussian envelop centered at ∓x(t) with characteristic width z 0 . When we merge the two separated traps by the middle link electrode, we should tune the potentials on the two side link electrodes correspondingly to keep the longitudinal trapping frequency ω z unchanged. In the quantum dynamics, due to the indistinguishability, we should reconstruct the normalized symmetric and antisymmetric spatial wave functions of two ions by
Meanwhile, the internal spin states of two-ion system can be expressed by the basis of the triplet states
(|↑↓ + |↓↑ ) and the singlet state
(|↑↓ − |↓↑ ). The total states of two ions are the product of the spatial states and the internal spin states. For instance, if the two ions are Bosons, the total states needs to be symmetric, which results in the symmetric basis describing the total states of two ions, i.e., |Φ + ⊗ |↓↓ , |Φ + ⊗ |↑↑ , |Φ + ⊗ |+ , |Φ − ⊗ |− . Now we consider the Coulomb interaction between two ions V(r) = r , where Q is the charge of single ion and r ≡ (x 1 − x 2 ) 2 + (y 1 − y 2 ) 2 + (z 1 − z 2 ) 2 is the distance of two ions in three dimensions. In the quasi-one dimensional condition ω ⊥ ≫ 1, the transverse motions of two ions are frozen in the ground states. Therefore, we average the Coulomb interaction by the ground states in x and y directions and arrive at the effective Coulomb interaction of two ion in z direction
where r z ≡ |z 1 −z 2 | is the distance of two ions in z direction and erfc[•] is the complementary error function. It can be shown that V eff (r z ) → Q 2 4πǫ 0 r z for r z ≫ z 0 √ 2/ω ⊥ , which recovers the Coulomb's law in one dimension. In the left figure of Fig. 1d, we show the internal level structure of two ions in the free space without Coulomb interaction. In this case, the two internal states |+ and |− are degenerate. When the two ions are colliding each other in the trap, the Coulomb interaction modifies the internal energy levels of two ions as illustrated by the right figure in the same figure. When the kinetic energy of two ions is much larger than the Coulomb interaction potential, we calculate the level shifts of states |+ and |− by
As a result, the degeneracy of states |+ and |− is lifted by a splitting 2J with J ≡ We discuss how to generate the universal two-qubit √ S WAP gate using the collision-induced spin-spin interaction J. From the relationships |↓↑ = , the four two-qubit basis |↓↓ , |↓↑ , |↑↓ and |↑↑ arrive at
This unitary time evolution defines a two-qubit quantum gate in the basis of |↓↓ , |↓↑ , |↑↓ , |↑↑
The two-qubit U(t g ) gate can be decomposed into the standard two-qubit √ S WAP gate [28, 29] and two singlequbit phase shift gates, i.e., U(t g ) = √ S WAP (R θ ⊗ R θ ), where the single-qubit phase gate is defined by R θ ≡ diag (1, θ) with phase parameter θ = t g (2E 0 + U + J)/2 . The two-qubit √ S WAP gate between more remote ions, e.g., the ones at two ends of the architecture shown in Fig. 1a , can be realized by swapping the states of their neighboring ions sequentially using two-qubit SWAP gate. As the two-qubit √ S WAP gate is universal [28] [29] [30] , hence the two-qubit U(t g ) gate introduced here is also universal meaning any quantum algorithm can be realized by the universal two-qubit gate plus single-qubit gates. Therefore, our proposed ion trap architecture is capable of realizing universal quantum computation.
The collision-induced spin-spin interaction determines the speed of two-qubit gate. In the long-distance limit L ≫ z 0 , the analytical expression of J can be obtained directly from Eq. (4), i.e.,
with the interference term A(L/z 0 , ω ⊥ ) given by
Here, 2p(t) = mω z L sin(ω z t) is the relative momentum of two ions. The main contribution of A(L/z 0 , ω ⊥ ) comes from the quantum exchange effect during collision. Due to the repulsive Coulomb interaction, the two ions need enough kinetic energy to overcome the barrier of the effec-
We see that the collision-induced effective spin-spin interaction J decreases with the third power of the trapping distance L, which coincides with the behavior of real spinspin interaction through magnetic dipole-dipole coupling [31] . We discuss the possibilities and challenges in the stateof-art ion trap experiments. In general, we need relatively large J for high-speed two-qubit gate operation. For a fixed parameter α > 1, we have the alternative expression of Eq. (8)
We can maximize the value of J by taking α = 1. In this case, we have ω ⊥ = . In principle, we can increase the transverse trapping frequency ω x,y to have arbitrary large J. However, it is challengeable to make the trapping frequency ω x,y beyond 2π × 10 MHz in the current ion trap experiments. At the same time, we also need strong transverse confinement ω ⊥ ≫ 1 to avoid exciting the transverse motion. By setting the parameter ω x,y = 2π × 10 MHz, we have ω ⊥ J/ ≈ 0.94 kHz for the ion 171 Yb + and ω ⊥ J/ ≈ 1.97 kHz for the ion 9 Be + . Allowing ω ⊥ = 5, we have J/ ≈ 0.19 kHz for the ion 171 Yb + with trapping distance L ≈ 103 µm and J/ ≈ 0.39 kHz for the ion 9 Be + with with trapping distance L ≈ 215 µm. From Eq. (9), we see that it is also possible to obtain large J by choosing particle with small mass. Therefore, the Penning traps could be a better choice since the mass of electron is four orders smaller than the mass of atomic ion and the transverse confinement frequency ω x,y can reach up to hundreds of GHz [25, 26] . For the transverse confinement frequency ω x,y = 2π × 100 GHz and the typical trapping distance L = 10 mm, we have J/ ≈ 0.108α −1 MHz. In the case of α = 1, we have the spin-spin interaction J/ ≈ 0.108 MHz with transverse confinement ω ⊥ ≈ 2.05 × 10 4 . For the parameters discussed above, the two-qubit gate tim t g = 3π 4J is much shorter than the time period of oscillations. The two ions need time ∆t = π/ω z to collide once and exchange their positions. Thus, the number of collisions is determined by N g ≡ t g ∆t = 3 ω z 4J , which can be finely tuned to be an integer by adjusting experimental parameters. Our proposed ion trap architecture for universal computation has scalability advantage compared to other proposals such as coupling ions by phonons of Coulomb crystal [10] [11] [12] . Different from confining a chain of ions in a single trap, we only confine one ion in each trap as sketched in Fig. 1a . Therefore, arbitrary number of ions can be coupled without the stability problem. Instead, the technical challenge to realize our proposal comes from the precise time sequential control of the electric potentials on the electrodes. For instance, in the process shown in the right figure of Fig. 1b , it is optimized to shut off the collision when the two ions just arrive at the bottoms of two separated traps.
We discuss the influences of the direct interaction U on the gate operations. In the long-distance limit L ≫ z 0 , we calculate the direct interaction from Eq. (4), i.e., U ∼Q 2 4πǫ 0 L , whereQ ≡ Q 2π −1 ln(2 3/2 e γ/2 ω 1/2 ⊥ L/z 0 ) is the renormalized charge with the Euler-Mascheroni constant γ = 0.5772 · · · . In our proposal, the two-qubit gate is realized by oscillating the two ions in the traps. Due to the Coulomb interaction in the colliding process, there is a position shift from the initial positions of two ions after collisions, i.e., the two ions shown in the right figure of Fig. 1c can not arrive at the bottoms of two traps exactly. This position shift can be accumulated after many times of collisions, which could introduce significant errors to the two-qubit gate operations. To suppress this kind of error accumulation, one possible solution is to add a small parametric driving to the harmonic potential, i.e., the single-ion Hamiltonian is given by H 0 (t) =
Here, parameters ω f and f are the frequency and amplitude of the parametrical driving respectively. Since the real confinement potential is not perfectly harmonic, we also introduce a small nonlinearity ζ to the confining potential. In the resonant condition ω f = 2ω z , the ground state of the parametric oscillator is unstable and two oscillating states with opposite phase become stable, which is the phenomenon of bistability [32] . From the standard stability analysis of classical parametric oscillator, the amplitude of the stable oscillating state is given by 2 f mω 2 z /3ζ. To reach optimal control, the two ions are needed to be tuned carefully just occupying the bistable states in the experiment, i.e., L = 2 2 f mω 2 z /3ζ or f = Finally, we justify the approximation used in Eq. (4) where we have assumed that the perturbation of Coulomb interaction on the harmonic oscillations of two ions is small. From Eq. (3), the characteristic length of interaction potential is z 0 √ 2/ω ⊥ . In the region of r z < z 0 √ 2/ω ⊥ , the interaction potential can be estimated by V eff (r z ) ≈ . In the long trapping distance limit, the interacting time is small compared to the time period of harmonic oscillation, i.e., ∆τω z /2π ≈ π −3/4 (
In the calculations of J and U above, we have neglect the slowing down effect due to the repulsive Coulomb interaction. To further consider the slowing down of two ions during collision, we should deduct the interaction energy and replace the relative momentum 2p(t) in Eq. (7) by a smaller value, which results in a larger interference term A(L/z 0 , ω ⊥ ) in Eq. (6) . Therefore, the measured the collision-induced spin-spin interaction could be larger than the result given by Eq. (8) . In the opposite case α ≪ 1, the two ions can-not touch each other and are merely classical particles. In this case, there is no exchange interaction (J = 0) and the direct interaction is given by U(L) =Q 2 4πǫ 0 L with renormalized charge [33] Q ≡ Q 2π −1 ln(2πe 2 ǫ 0 mω 2 z L 3 /Q 2 ). In summary, we have proposed a scalable ion trap architecture for universal quantum computation. The universal two-qubit √ S WAP gate is realized via the collisioninduced spin-spin interaction (collision spin effect). We have shown that it is possible to realize two-qubit gate with speed in 0.1 MHz regime using atomic ions with hundreds-of-micrometer trapping distance in Paul traps. Using electrons Penning traps, the speed can be further increased up into 0.1 MHz regime even at centimeter trapping distance .
